Background: Homeobox A10 (HOXA10) has been implicated in the development and progression of various human cancers. However, the precise biological functions of HOXA10 in hepatocellular carcinoma (HCC) have not been defined. Methods: In this study, we examined mRNA expression by quantitative real-time PCR (qRT-PCR) of HOXA10 as well as histone deacetylase (HDAC) and protein levels by Western blot of HOXA10, HDAC1, Cyclin D1, proliferating cell nuclear antigen (PCNA), Survivin and p53 acetylation in HCC tissues and cell lines. We also assessed cell proliferation using Cell Counting Kit-8 (CCK-8) and analyzed cell cycle by flow cytometry. Furthermore, tumor growth of HCC cells in vivo was monitored using the nude mouse xenograft model. Finally, HDAC1 promoter activity and binding in HCC cell lines were detected by luciferase reporter assay and chromatin immunoprecipitation (ChIP), respectively. Results: We uncovered the elevated expression of HOXA10 in HCC tissues compared to adjacent normal liver tissues. RNA interference-mediated knockdown of HOXA10 inhibited HCC cell proliferation both in vitro and in vivo. HOXA10 knockdown also induced cell cycle arrest at G0/G1 phase and apoptosis, which were accompanied with the reduced expression of Cyclin D1, PCNA and Survivin. Notably, HOXA10 knockdown enhanced p53 acetylation (Lys382), which is crucial to the activation of p53. Likewise, HOXA10 knockdown suppressed the transcription of HDAC1, a potential deacetylase for p53. In line with these observations, HDAC1 downregulation abrogated the effects of HOXA10 overexpression on proliferation, cell cycle progression, apoptosis and p53 acetylation, indicating the role of HDAC1 in mediating HOXA10 functions. Conclusion: Our results demonstrate that HOXA10 knockdown inhibits proliferation, induces cell cycle arrest and apoptosis in HCC cells by regulating HDAC1 transcription.
Introduction
Hepatocellular carcinoma (HCC) is one of the most frequent and lethal malignancies worldwide and represents more than 80% of primary liver tumors.
1,2 Viral hepatitis B and C infections, chronic alcohol consumption and exposure to aflatoxin B1 are major risk factors for HCC development. 3 Although significant improvements have been made in surgical techniques and perioperative management, the mortality of HCC remains high due to late-stage diagnosis and inefficiency of current therapies.
development, cell differentiation and proliferation. 5, 6 Among them, Homeobox A10 (HOXA10) has been linked to tumor development and progression. HOXA10 overexpression, for instance, has been observed in acute myeloid leukemia, nonsmall cell lung cancer, glioblastoma, ovarian cancer, oral squamous cell carcinoma (OSCC) and gastric cancer. [7] [8] [9] [10] [11] [12] [13] Some studies report that HOXA10 regulates proliferation, migration and invasion of cancer cell lines. [13] [14] [15] [16] [17] [18] In HCC tissues, the expression of HOXA10, along with other members of HOX gene family, was found to be highly elevated in comparison with normal liver tissues. [19] [20] [21] The biological functions of HOXA10 in HCC, however, have not been defined. The p53 tumor suppressor gene responds to a myriad of diverse cellular stress signals to regulate cell cycle progression, senescence, apoptosis and DNA repair. 22 The activity and stability of p53 are finely regulated by post-translational modifications, including phosphorylation, ubiquitination, methylation and acetylation. Acetylation is particularly crucial to the activation of p53. 23 Histone deacetylase (HDAC) −1, −2
and −3 can directly interact with p53 and deacetylate p53, thus suppressing p53 functions. 24 Altered expression and mutation of p53 have been reported in a number of human cancers. 25, 26 In more advanced stages of HCC, aberrant p53 expression is frequent. 27 In other cancer types, such as breast cancer,
HOX genes are known to regulate p53. For instance, HOXA5 was shown to promote p53 transcription, 28 whereas HOXA10 enhanced p53 expression and invasion in BT20 breast cancer cells. 17 However, whether HOXA10 influences p53 functions in HCC has not been investigated. In this study, we confirmed the elevated expression of HOXA10 in HCC tissues and investigated how HOXA10 knockdown affects proliferation, cell cycle progerssion and apoptosis of HCC cells. We also investigated the mechanism through which HOXA10 exerts its biological functions.
Materials and methods

Human tissue samples
HCC tissue samples from 80 patients and adjacent normal liver tissue samples from 30 patients were obtained from Shanghai Jiao Tong University Affiliated Sixth People's Hospital. This study was conducted with approval from the Ethics Committee of Shanghai Jiao Tong University Affiliated Sixth People's Hospital and in accordance with the Declaration of Helsinki. Prior to study enrollment, written informed consent from each participant was obtained according to the guidelines of the Ethics Committee.
Cell culture
Human HCC cell lines used in this study were SMMC-7721, Hep3B, MHCC-97L, MHCC-97H and HepG2 (ATCC, Manassas, VA, USA). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (HyClone, Logan, UT, USA) containing 10% fetal bovine serum (FBS) (Gibco, Detroit, MI, USA) and 1% Penicillin-Streptomycin (Solarbio, Beijing, China). All HCC cell lines were maintained in a 37°C humidified incubator with 5% carbon dioxide (CO 2 ) and 95% air.
Quantitative real-time PCR (qRT-PCR)
Total RNA isolation was conducted using TRIzol reagent following the manufacturer's protocols (Invitrogen, Carlsbad, CA, USA). This was followed by DNase I treatment to eliminate genomic DNA. Using cDNA Synthesis Kit (Thermo Fisher, St. Louis, MO, USA), total RNA was reverse transcribed into cDNA. qRT-PCR assay was conducted using SYBR Green qPCR Master Mixes (Thermo Fisher) on the ABI 7,300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Gene expression was determined using the 2 −ΔΔCt method with normalization to the housekeeping gene GAPDH. The primer sequences are listed in Table 1 . shHOXA10#1: 5ʹ-CTTTCGCGCAGAACATCAA-3ʹ; shHOXA10#2: 5ʹ-TATGTACCTTACTCGAGAG-3ʹ; shHOXA10#3: 5ʹ-TGAATCGAGAAAACCGGAT-3ʹ; shHDAC1: 5ʹ-GGCAAGTATTATGCTGTTA-3ʹ. 29 Ectopic expression of HOXA10 
Luciferase assay
The human HDAC1 promoter 30 was inserted into linearized pGL3-basic vector (Promega, Madison, WI, USA). SMMC-7721 and HepG2 cells expressing pRL-TK (Promega) and pGL3-HDAC1 promoter were transfected with shHOXA10#3 or shNC. After 48 h, luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega). Luciferase activity was normalized to that of Renilla luciferase. The activity control, which was co-transduced with pRL-RK and pGL3-HDAC1 promoter only, was set at 1.0.
Chromatin immunoprecipitation (ChIP) assay
ChIP assays were conducted in SMMC-7721 and HepG2 cells following the manufacturer's protocols (Abcam). Cells were crosslinked with 1% formaldehyde for 10 min at room temperature. Following lysis and sonication, the supernatant was obtained by centrifugation. Samples were incubated overnight with anti-HOXA10 (Abcam) or control IgG (Abcam) in the presence of protein A/G beads. After washing, the enrichment of specific DNA sequences was measured by qRT-PCR. The qRT-PCR primers for the HDAC1 promoter are listed in Table 1 .
Xenografts in nude mice
Animal care and experimentation were carried out according to the animal ethics guidelines and approved protocols of Shanghai Jiao Tong University Affiliated Sixth People's Hospital (DWSY2018-028). Twelve 4-5 week-old BALB/ c nude mice (Shanghai SLAC laboratory animal Co., Ltd., Shanghai, China) were maintained with free access to sterile water and chow. SMMC-7721 cells transfected with shHOXA10#3 or shNC were injected subcutaneously into the nude mice (2×10 6 cells per mouse; n=6 per group). Tumor volume was calculated using the formula: volume =0.5× (the longest diameter) × (the shortest diameter) 2 . After 33 days, the mice were sacrificed and the tumors were weighted.
Statistical analysis
Statistical analysis was conducted using the GraphPad Prism 6 software (GraphPad Software, San Diego, CA, USA). All assays had three independent replicates and the data were presented as mean ± standard deviation (SD). Statistical evaluation of two or more groups was conducted using Student's t-test and one-way ANOVA with Bonferroni's post hoc test, respectively. Pearson's correlation analysis between HOXA10 and HDAC1 mRNA expression in HCC tissues was conducted. P-values of less than 0.05 were regarded as statistically significant.
Results
HCC tissues displayed elevated HOXA10 expression
From our analysis of 80 HCC tissues and 30 adjacent normal liver tissues, we observed that HCC tissues displayed elevated HOXA10 mRNA expression ( Figure 1A ). We then analyzed TCGA (the cancer genome atlas) LIHC (liver hepatocellular carcinoma) dataset, and likewise observed upregulation of HOXA10 mRNA in HCC tissues (n=191) compared to normal liver tissues (n=50) ( Figure 1B) . Western blot detected HOXA10 protein in four pairs of HCC and adjacent normal liver tissues, and the results similarly showed elevated HOXA10 expression in HCC tissues at the protein level ( Figure 1C ). These results suggest the possible involvement of HOXA10 in liver carcinogenesis.
HOXA10 knockdown inhibited HCC cell proliferation both in vitro and in vivo HOXA10 protein was examined by Western blot in five HCC cell lines (Figure 2A ). SMMC-7721 and HepG2 cells displayed the highest protein levels of HOXA10, while MHCC-97H cells showed the lowest protein level. To probe the functions of HOXA10, we generated the lentiviral constructs for HOXA10 shRNAs (shHOXA10#1, #2 and #3). SMMC-7721 and HepG2 cells were transfected with HOXA10 shRNAs or scramble shRNA (shNC). As indicated by Western blot, shNC did not affect HOXA10 expression compared to untreated cells (WT), whereas HOXA10 shRNAs repressed HOXA10 expression compared to shNC ( Figure 2B ). Of the three shRNAs, shHOXA10#3 showed the best knockdown efficiency and was used in subsequent assays.
Next, we conducted CCK-8 assays to determine how HOXA10 affects HCC cell proliferation in vitro. After transfected with HOXA10 shRNA#3 for 24, 48 and 72 h, the OD values of SMMC-7721 and HepG2 cells at 450 nm were significantly attenuated, suggesting the inhibitory effects of HOXA10 knockdown on HCC cell proliferation ( Figure 2C ). Furthermore, we examined whether reduction of HOXA10 expression in HCC cells would suppress tumor growth in vivo. SMMC-7721 cells transfected with shHOXA10#3 or shNC were injected subcutaneously into the nude mice. Interestingly, the growth rates of xenografts formed from HOXA10 knockdown cells were slower compared to those formed from control cells (shNC) (Figure 2D ). At 33 days after inoculation, the size and weight of xenografts formed from HOXA10 knockdown cells were remarkably reduced compared to those formed from control cells (shNC) ( Figure 2E ). Thus, these results suggest HOXA10 knockdown inhibits HCC cell proliferation both in vitro and in vivo.
HOXA10 knockdown induced cell cycle arrest and apoptosis in HCC cells
To assess the percentages of cells at different cell cycle stages and cells undergoing apoptosis, we conducted flow cytometry analysis. The results showed that HOXA10 inhibition in both SMMC-7721 and HepG2 cells blocked cell cycle at G0/ G1 phase ( Figure 3A) . Furthermore, compared to the control group (shNC), shHOXA10#3 treatment increased the apoptotic rates in both SMMC-7721 and HepG2 cells ( Figure 3B ). HOXA10 knockdown cells (SMMC-7721 and HepG2 cells) also displayed reduced levels of Cyclin D1, PCNA and Survivin ( Figure 3C ). Based on the above findings, we propose that HOXA10 knockdown induces cell cycle arrest and apoptosis in HCC cells, thus suppressing tumor cell growth.
Effects of HOXA10 knockdown on p53 acetylation and HDAC1 transcription HOX genes are known to regulate p53 in breast cancer cell lines. 17, 28 We found that downregulation of HOXA10 enhanced p53 acetylation (Lys382) in both SMMC-7721 and HepG2 cells, without affecting total p53 protein ( Figure 4A ). Gene set enrichment analysis (GSEA) based on TCGA LIHC dataset showed a significant association between the HDAC pathway and HOXA10 expression in HCC tissues ( Figure 5 ). HDAC1, HDAC2 and HDAC3 mRNA expression was analyzed in both SMMC-7721 and HepG2 cells. Interestingly, HDAC1 expression was markedly decreased by HOXA10 knockdown ( Figure 4B ). Inhibition of HDAC1 protein by HOXA10 knockdown was confirmed by Western blot ( Figure 4C ). Considering that HOX genes encode transcription factors, we speculated that HOXA10 directly bound to the HDAC1 promoter and regulated the transcription of HDAC1. To test this, we cloned the human HDAC1 promoter into a luciferase reporter vector and luciferase assays were conducted. As shown in Figure 4D , HOXA10 knockdown suppressed the activity of the HDAC1 promoter. The consensus binding site for HOXA10, containing a TTAT core sequence, has been identified. 31 Four potential sites were found in the HDAC1
promoter sequence ( Figure 4E ), and ChIP assays showed that HOXA10 bound to the regions at −463~-275 and −729~-586 of the HDAC1 promoter, but not to the regions at −874~-785. Furthermore, Pearson's correlation analysis showed a positive correlation between HOXA10 and HDAC1 mRNA expression in 80 HCC tissues ( Figure 4F ).
HDAC1 mediated the effects of HOXA10 on proliferation, cell cycle progression, apoptosis and p53 acetylation
To test whether HDAC1 mediated the effects of HOXA10 on proliferation, cell cycle progression and apoptosis, we knocked down HDAC1 in MHCC-97H cells with HOXA10
overexpression. CCK-8 assays showed that HOXA10 overexpression increased the OD values of MHCC-97H cells after 24, 48 and 72 h, however the effects were abrogated by HDAC1 knockdown ( Figure 6A ). Flow cytometry analysis showed that HOXA10 overexpression increased the percentage of MHCC-97H cells at S phase, whereas decreased the percentage of early apoptotic cells. Nevertheless, the effects were abrogated by HDAC1 knockdown (Figure 6B and C). HOXA10 overexpression also increased the levels of Cyclin D1, PCNA and Survivin, but the effects were similarly abolished by HDAC1 knockdown ( Figure 6D ). Overexpression of HOXA10 and downregulation of HDAC1 were verified by Western blot ( Figure 6E ). Importantly, HDAC1 knockdown blocked the inhibitory effects of HOXA10 on p53 acetylation ( Figure 6E ). Together, these results indicate that HOXA10 affects proliferation, cell cycle progression, apoptosis and p53 acetylation through regulating HDAC1.
Discussion
HOXA10 overexpression has been observed in diverse cancer types and shown to regulate proliferation of cancer cell lines. In this study, we demonstrated that HCC tissues displayed elevated HOXA10 expression, consistent with results from the previous study. 21 For the first time, we investigated how HOXA10 functioned in hepatocellular carcinogenesis in vitro as well as in vivo using lentiviralmediated RNA interference. Our study showed that two human HCC cell lines (SMMC-7721 and HepG2 cells) with HOXA10 knockdown had low cell proliferation rates, compared to cells with scramble shRNA (shNC). and total p53 at 48 h after transfection. *P<0.05, **P<0.01 and ***P<0.001 compared to Vector+shNC. ##P<0.01 and ###P<0.001 compared to HOXA10+shNC. Abbreviations: HDAC1, histone deacetylase 1; HOXA10, homeobox A10; shNC, negative control shRNA; PCNA, proliferating cell nuclear antigen; Ace-p53, acetylated p53.
In the nude mouse xenograft model, the volume and weight of tumors formed in HOXA10 knockdown group were markedly reduced, compared to shNC group. Moreover, HOXA10 knockdown increased the percentages of cells at G0/G1 phase, as well as the percentages of apoptotic cells. In summary, our data provide evidence for a critical role of HOXA10 in HCC carcinogenesis. p53, a widely recognized tumor suppressor, executes several important functions including regulation of cell cycle, apoptosis and DNA repair. 22 Aberrant expression and mutations of p53 have been found in HCC tissues. [25] [26] [27] HOX genes, such as HOXA5 and HOXA10, are known to regulate p53 expression in breast cancer cell lines. 17, 28 Similar to the above observations, our present study showed that HOXA10 knockdown in two HCC cell lines enhanced the acetylation of p53, which was crucial to p53 activity. 23 In addition, downregulation of HOXA10 in HCC cells did not affect p53 protein, which was rather inconsistent with data from breast cancer BT20 cells. 17 The discrepancy may be due to tissue differences. Cyclin D1 and Survivin which regulate G0/G1 to S phase transition and apoptosis respectively have previously been found as direct or indirect targets of p53. [32] [33] [34] Here, HOXA10 knockdown led to reduced expression of Cyclin D1 and Survivin, which was consistent with the results of flow cytometry analysis. Our data suggest that HOXA10 influences cell cycle progression and apoptosis in HCC cells through regulating p53 functions. We then explored the molecular mechanism through which HOXA10 knockdown enhanced p53 acetylation. Previously, HDAC1 has been demonstrated to directly bind to p53, which deacetylates p53 and downregulates p53 functions. 24, 35 Our results showed that HOXA10 downregulation dramatically suppressed HDAC1 expression and promoter activity. Furthermore, ChIP assays revealed that HOXA10 protein bound to the regions of HDAC1 promoter. The binding was stronger in the region containing three TTAT motifs than that in the region with only one TTAT motif. 31 A positive correlation was observed between HOXA10 and HDAC1 mRNA expression in 80 HCC tissues. Moreover, HDAC1 knockdown partially abrogated the effects of HOXA10 overexpression on proliferation, cell cycle progression, apoptosis and p53 acetylation. Thus, we propose that HOXA10 might induce the deacetylation of p53 by promoting HDAC1 transcription, thus downregulating the functions of p53 on cell cycle progression and apoptosis.
Conclusion
In summary, our study provided evidence for the strong association between HOXA10 expression and HCC progression via in vitro and in vivo experiments. Furthermore, HOXA10 knockdown downregulated HDAC1 transcription, thus enhancing p53 acetylation. HDAC1 mediated the effects of HOXA10 on proliferation, cell cycle progression, apoptosis and p53 acetylation. Our findings provide potential insights into the mechanisms of HCC pathogenesis and the development of novel therapeutics for HCC.
